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ABSTRACT OF THE THESIS
Geometry Matters for Cargos Navigating 3D Microtubule Intersections
By
Matthew Jacob Bovyn
Master of Science in Chemical and Materials Physics - Physics
University of California, Irvine, 2019
Associate Professor Jun Allard, Chair
Eukaryotic cells transport cargos along microtubules to control their distribution within the
cell and deliver them to distant locations. While we understand how molecular motors can
transport cargos along individual microtubules, the cell’s microtubules are usually arranged
in a complex 3D network. While traversing this network, cargos need to navigate intersec-
tions where microtubules cross at a wide variety of separation distances and angles. To gain
insight into how cargos navigate these intersections, we have used a recently established 3D
construction technique based on holographic optical trapping to build single 3D microtubule
intersections in vitro with relevant nanoscale precision. We then used these fully suspended
microtubule structures to perform motility assays on kinesin-1 coated cargos. We find that
some intersection geometries influence cargos to pass along their current microtubule, while
other geometries influence them to switch to the intersecting one. To understand how, we use
a 3D Brownian dynamics simulation of cargo transport to investigate the mechanisms which
give rise to the observed switching probabilities. Using these stochastic simulations, we find
that switching probability is often determined by a competition between a stronger motor
team on the primary microtubule and the intersecting microtubule sterically hindering that
team’s progress. This understanding of the basic mechanisms of switching at single intersec-
tions in 3D helps lay a foundation for understanding how the cell may regulate switching to
control how cargos navigate the MT network and ultimately their spatial organization.
vii
Chapter 1
Introduction
Life on earth is mindblowingly diverse. For anything you might try to pin down as the
defining feature — be it DNA, metabolism, reproduction, or anything else you can dream
of, counterexamples and edge cases spring up to defeat you. It is instructive to look instead
not at individual elements, but at design principles: what are the common ways evolution
has wrangled various arrangements of carbon, nitrogen, oxygen and other trace elements
to build up bacteria, elephants, and jelly fish? (Not to mention the human that wrote the
words on this page, and the one reading them.) One fundamental motif is the barrier; all
life on earth uses barriers to contain the chemical reactions which give rise to the properties
we associate with being alive: movement, metabolism, reproduction, and so on.
While bacteria have only a single major barrier which functions to separate their carefully
controlled interior environment from the outside world, eukaryotic cells have in addition de-
veloped a multitude of internal barriers. To construct these internal barriers, eukaryotic cells
mostly use lipid bilayers. The organelles encapsulated by these internal barriers allow eu-
karyotic cells to maintain a variety of vastly different chemical environments, which together
can be used to accomplish complex tasks not achievable in any one environment alone.
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For this strategy to succeed in keeping the cell functioning, different enclosed environments
need to communicate with one another. While communication is possible at a distance,
it is often more effective — and sometimes necessary — for organelles to make physical
contact with each other to transfer molecules or pass along signals. Controlling contact
between organelles — and more generally controlling cell spatial organization — requires
that organelles move around relative to each other. While thermal energy causes significant
motion even on the scale of an organelle, the relatively weak and undirected motion is not
sufficient for delivering cargos in a reasonable time.
To this end, eukaryotic cells have built up a complex transport system to control the or-
ganization of their organelles in space and time. To transport organelles, eukaryotic cells
have evolved to use molecular motors, which transform the cell’s chemical energy currency,
ATP, into mechanical work. These motors move along filamentous tracks: the molecular
motors kinesin and dynein move along the large, rigid microtubules, while myosin motors
move along the thinner, more floppy actin filaments.
The general question which naturally arises from the ideas so far established is this: how
does the cell control the transport of various cargos from one place to another? There are
many types of cargos, each of which with different functions which may necessitate them
to be localized differently from each other at different times. How is intracellular traffic
directed? This is the question we will concern ourselves with.
2
Chapter 2
Background
The advent of video microscopy brought the dynamic nature of the organelle environment
into focus in the early 1980s [2, 3]. Soon after, Ron Vale and colleagues discovered the identity
of one of the proteins responsible for the observed transport, kinesin [4]. In the more than
30 years since this discovery, we have learned a great deal about each of the components of
the transport system from a combination of careful in vivo and in vitro experimental work,
as well as enlightening modeling efforts.
2.1 Microtubules
Eukaryotic cells possess a microtubule (MT) network, composed of hundreds of individual
MT filaments. Recently, super-resolution microscopy has allowed imaging and mapping of
the entire MT network with single MT resolution [5], as shown in figure 2.1. Individual MTs
are dynamic, assembling and disassembling stochastically [6]. This allows the MT network
to be reorganized as cells move and change shape, as well as in response to external cues [5,
7, 8].
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Figure 2.1: An example of a super-resolution image of an entire MT network of a cell (A),
adapted from [5]. Single MTs are identifiable from fluorescence labelling in red. Region in
yellow box magnified in (B), region in green box magnified in (C). Scale bars are 5µm in
panel A and 2 µm in panels B and C.
The MT network serves many functions in the cell. Most importantly for the work in this
document, MTs serve as the “roads” along which cargos are transported. In addition to this
role, MTs are a component of the of the cytoskeleton, which gives cells shape and structure.
Furthermore, MTs bear the forces exerted to divide chromosomes between the daughter cells
in cell division.
The structure of MTs allow them to perform these functions. MTs are tubular, consisting
of a number of linear protofilaments assembled into a ring [9] as shown in figure 2.2. MTs
commonly have 13 or 14 protofilaments [10], but that number can vary from fewer than 9 to
more than 15 depending on organism and cell type [11]. Each protofilament is a repeating
polymer of dimers of α and β tubulin subunits. This repeating structure makes it possible
for kinesin and dynein to move processivley along the MT outer surface. MT structures can
have defects, and it has been shown these defects can influence transport [12].
The tubular structure makes MTs rigid, with persistence lengths near 1 mm, many times the
size of an entire cell. Rigidity can vary with MT length and repeated bending [13].
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Figure 2.2: The structure of a microtubule
is shown, demonstrating the tubular structure
composed of linear protofilaments made up of
repeating dimers of α and β subunits. Illustra-
tion “Structure of a microtubule” by Thomas
Splettstoesser is licensed under CC BY-SA 4.0.
2.2 Molecular Motors
Molecular motors are a class of enzymes (specifically ATPases), which convert the chemical
energy of ATP into mechanical work. There are three classes of molecular motors involved
in cargo transport: kinesin superfamiliy motors and cytoplasmic dynein which walk along
microtubules, and myosin superfamily motors which walk along actin. Here we’ll focus on
kinesin.
2.2.1 Kinesin
The defining feature of a kinesin is the kinesin motor domain, which binds to MTs and is
responsible for ATP hydrolysis [14]. Hundreds of genes which include the kinesin motor
domain have been identified across a variety of different organisms; together these genes
make up the kinesin superfamily. This superfamily has been divided into 14 families based
on function and sequence similarity [15]. In mice, there are 45 individual kinesins which
perform a variety of tasks in the cell, from transporting cargo to MT depolymerization
[16]. The motors which have established roles in transport are the members of the kinesin-
1 (KIF5), kinesin-2 (KIF3) and kinesin-3 (KIF1) families [14]. Kinesin-1 is the most well
studied family, also called conventional kinesin. It is a heterotetramer of a kinesin heavy chain
homodimer and two kinesin light chain subunits, as shown in figure 2.3. Kinesin-2 can exist
5
Figure 2.3: Subunit composition of transport kinesins. Kinesin-1 or conventional kinesin
is the most well studied motor family. Kinesin-2 and kinesin-3 are less studied, but also
known to transport cargos in cells. Kinesin motor domins are the defining feature of the
kinesin superfamily and are shown as green ovals. Kinesin motors domains bind to the MT,
which the other end of the motors bind cargos or linkers. Abbreviations: FHA, forkhead
associated; KAP, kinesin-associated protein; KHC, kinesin heavy chain; KIF, kinesin family;
KLC, kinesin light chain; PH, pleckstrin homology; TPR, tetratricopeptide repeat. Figure
from [14].
either as a homodimer or heterodimer of different motor domain containing subunits, with
each form associated with different motility properties. However, the motility mechanism
of kinesin-2 is similar to kinesin-1 [17]. Kinesin-2 motors also tend to switch protofilaments
while walking, resulting in a spiral path around the MT [18], where kinesin-1 motors walk a
straight line [19]. Kinesin-3 motors exhibit limited motility as a monomer, but likely work
as dimers in vivo, similar to kinesin-1 and kinesin-2 motors [20]. We will focus on kinesin-1
for the rest of this section and will refer to it simply as kinesin.
Kinesin motors step processively along MT tracks in a hand-over-hand fashion, with each
motor domain taking 16 nm steps [21] that move the center of mass of the motor forward
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by 8 nm [22]. When unloaded, kinesin steps quickly, moving about 1 µm s−1. Times between
steps are exponentially distributed [23]. Velocity reduces under increasing resistive load until
stall, which occurs at ≈ 6 pN. The nature of this decrease has been found to be superlinear
in some studies [24–27], while others find more linear behavior [28, 29].
Kinesin unbinds from the microtubule at a rate that also depends on the load experienced
by the motor. Several reports agree that unbinding rate increases with load exponentially
up to the stall force, but disagree about behavior above stall. One study claims unbinding
rate increases only slowly above stall [30], while another claims unbinding rate continues
to increase exponentially [29]. The unbinding rate has been found to depend on the direc-
tionality of the load applied. Hindering loads result in the aforementioned behavior, while
assisting loads result in an increased unbinding rate [29, 31]. Sideways loads result in slightly
asymmetrical unbinding behavior [32].
It has been found that the kinesin stalk is stiff in tension [33] and also resists compression
to a lesser degree [34]. It has little resistance to torsion [35, 36].
2.3 Cargos
A wide variety of organelle cargos such as lipid droplets, mitochondria, melanosomes, per-
oxisomes, pigment granules, endosomes, secretory vesicles, RNA granules, and virions are
transported bi-directionally by molecular motors [37, 38]. Long distance cargo transport is
also particularly important in neurons. Cargos such as dense core vesicles carrying neuropep-
tide and synaptic vesicles carrying neurotransmitter must be transported down the length
of axons, often millimeters to centimeters long, and delivered at presynapses [39]. These
observations lead to a picture of cargo transport where bidirectional motion is controlled to
correctly localize cargos, as shown in figure 2.4.
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Figure 2.4: A variety of cargos have been shown to move bidirectionally on MTs in cells,
as shown on the left. By biasing this bidirectional motion, the cell may be able to deliver
cargos to specific locations in neurons and other cell types, as shown on the right. Figures
on left and bottom right from [37]. Figure on top right from [38].
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2.4 Previous models of cargo transport
An early model of multiple motor cargo transport posed the problem as a Markov chain,
with state transitions representing binding and unbinding of the motors [40]. It was shown
this model was able to reproduce a variety of the behaviors observed in vivo [41]. Despite
its success, it was difficult to interpret how experimentally observed parameters translated
to model parameters, including how forces are shared between multiple motors and the
stochastic nature of motor stepping.
A subsequent model represented motors as two points, with forces in each generated by the
stretch in spring-like motor stalks [42]. While only one dimensional spatially, this model
was able to elucidate many details of how multiple motors might work together [24]. In a
surprising negative result, the Gross lab showed that neither model was able to match the
behavior of cargos in vivo when supplied with realistic single motor behavior [30].
Three dimensional models of cargo transport have also since been constructed [43–45]. They
have been used to investigate the impact of how motors are arranged on a cargo [44] and
cargo switching between filiments [46]. Recently, a model of cargo transport included the
ability for motors to diffuse in the cargo membrane in 3D [45].
9
Chapter 3
Cargo Routing at Microtubule
Intersections
The following is adapted from a manuscript created by Jared Bergman, Matthew Bovyn,
Manasa Gudheti, Steven Gross, Jun Allard and Michael Vershinin. The project was initiated
by Michael Vershinin. Michael Vershinin and Jared Bergman developed the experiments.
Cargo navigation experiments were performed by Jared Bergman. Manasa Gudheti per-
formed super-resolution microscopy. The model was created by Matt Bovyn, Steve Gross,
and Jun Allard. Matt Bovyn wrote and performed simulations. The model was modified
and developed to fit the experimental situation by Matt Bovyn with advice from Jun Allard,
Steve Gross, Jared Bergman and Michael Vershinin.
Jared Bergman, Matt Bovyn and Michael Vershinin wrote the description of the main find-
ings of the work, included as this chapter. The manuscript was published as [1], and the
materials in this chapter became the main text.
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3.1 Introduction
The microtubule (MT) network in eukaryotic cells is typically a dense, highly variable,
three-dimensional (3D) mesh (Fig. 3.1A). MT network topologies are known to vary widely
between cells [47] and even between cells of the same type and lineage [48]. Within a given
network, MTs converge to form crossings at a variety of filament separations, and angles of
intersection [49]. Often, the crossings feature inter-filament separations that are comparable
to the scale of the cargos found within the cell (Fig. 3.1A). At these “intersections,” a cargo,
with multiple motors on its surface, can potentially interact with several MTs simultaneously;
a scenario known as Tug-of-War (ToW) [41, 50]. The cargo can then either pass along the
original MT, switch to the intersecting filament, pause, or detach. The probabilities of these
outcomes are known to be sensitive to the 3D layout of the filaments [46, 51, 52] but the
mechanistic details of this phenomenon are unclear. Given that the architecture/topology of
the MT cytoskeleton serves as a persistent and pervasive backdrop for cargo transport [53],
its role in cargo routing warrants a thorough investigation.
The importance of MT cytoskeletal architecture is underscored by the fact that MT net-
work remodeling occurs often in various diseases and during normal cellular processes. For
example, neuritic de-arborization or restructuring is often encountered in neurodegenerative
diseases [54, 55]. Microtubule remodeling is also observed in many neoplasias [56] and is as-
sociated with pathways often disturbed in cancers [57]. There is also evidence that suggests
the geometry of the MT network, itself, acts as a regulator to tune insulin granule secretion
in mouse pancreatic β-cells [8].
The cell can use multiple mechanisms to modulate its MT architecture. MTs can be locked in
parallel [58] or antiparallel [59] alignment via cross-linking. Axonal branching generally shows
a preference for normal angles [60]; low branch angles can arise from MT nucleating factors
[61]. The cell can set overall MT spacing by simply controlling the amount of polymerized
11
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Figure 3.1: 3D MT crossings and cargo
navigational outcomes.
(A) 3D STORM image of MT cytoskele-
ton from BSC-1 cell. Color coding indi-
cates relative depth. Scale bar: 4µm. (In-
set) Perspective image of the MT cross-
ing highlighted in dashed box. MT posi-
tion fits (light blue and orange) are shown
along with the registered photon origina-
tions (red and blue). MT separation at
point of closest approach (double arrow)
and MT-MT angle (protractor, dashed
lines) are annotated for clarity. A few
photon originations near MT-MT inter-
sections are not shown for clarity of an-
notation.
(B) Illustration of in vitro 3D MT cross-
ing with an MC undergoing ToW. BHs
(large spheres) are permanently bound to
MTs (blue and red). BHs are held in 3D
via HOTs (light pink cones). MT plus
ends are indicated (+ signs). For clar-
ity, we only depict two motors on the MC
(small bead), engaged on either MT. Nav-
igational choices are indicated with ar-
rows.
(C) Table showing switching probabili-
ties as a function of 3D MT arrangement.
Higher switch rates are highlighted by
darker background. Significant differences
(p < 0.05, Barnard’s test) are indicated by
links.
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tubulin, either via regulation of expression levels [62] or filament stability [63]. Filament
spacing can also be controlled via MAPs that cross-link microtubules [64]. Microtubule
and actin networks are often coupled and remodeling of one can drive structural changes in
the other [65, 66]. External factors which affect cell shape can also regulate MT network
topology [67]. Finally, MT crossings are known to be special loci for intracellular regulation
[68]. Currently, the implications of these topology variations for cargo logistics and overall
biomechanics are not quantitatively understood.
Decoupling the influence of the MT network’s 3D topology from regulatory protein factors
is challenging. The same pathways that drive network remodeling can also couple to motor
regulation. The result is that, to date, the impact of geometric changes in MT networks
on intracellular cargo transport has been difficult to isolate and quantitate. It is common
in biology to think in terms of chemical regulation. However, to truly understand how
intracellular cargo transport functions, it is critical to gain a baseline understanding of how
the 3D MT geometry alone impacts cargo distribution, starting at the most fundamental level
of the MT network: individual MT-MT intersections. Studying cargo navigational behavior
as a function of 3D network geometry poses considerable experimental challenges. In vivo
investigations cannot easily decouple chemical and topological regulation, as discussed above.
Moreover, although theoretical work highlights its importance [46], in vitro bead assays that
use traditional MT-glass deposition techniques are also unable to model MT-MT crossings
with controlled filament separation [52, 69].
To address this question, we developed an in vitro system to suspend and dynamically
manipulate multiple individual MT filaments in 3D. Each MT is manipulated individually
via holographic optical trapping (HOT) of two or more bead handles (BH), as previously
described [70]. We used this bottom-up approach to systematically construct MT-MT in-
tersections featuring various angles and separations. We then measured the statistics of
kinesin-1 driven model cargo (MC) transport on these model MT geometries, and used this
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data to constrain 3D simulations. We show from experimental data and theoretical anal-
ysis that navigational outcomes exhibit systematic variation based on 3D MT intersection
geometry. Further, we propose dynamic mechanisms that explain the observed preferences.
3.2 Results
3.2.1 Experimental Setup
The broad aim of this work is to understand the impact of cytoskeletal geometry on intra-
cellular transport. A comprehensive experimental model of all possible geometries (e.g. Fig
3.1A) is well beyond the scope of any singular study, so we restricted our scope to represen-
tative model scenarios. We focused on the simplest type of intracellular MT intersections
where just two filaments cross (Fig. 3.1A, inset). We used silica microspheres, driven by
full length KHC homodimers, as our MC. This is a common, albeit simplified, model for in
vitro work. We chose to focus on assays outside the single-molecule regime because there is
substantial evidence that cargos in cells are often driven by multiple motor ensembles, and
indeed multiple-motor ensembles are essential for a ToW to develop.
We used in vitro 3D MT manipulation via HOT [70] to examine three filament spacings: zero,
radius, and diameter of the MC. Our MCs were 1 µm in diameter, hence we constructed and
observed MC transport across model intersections featuring 3 separation distances (0µm,
0.5 µm, and 1 µm). We decided to only parametrize this geometric range because the prob-
ability of a cargo interacting with both MTs for crossing separations greater than the cargo
diameter quickly becomes negligible. For each separation distance, we examined three differ-
ent angles of intersection, acute (MT polarities nearly counter aligned), normal (90◦), obtuse
(MT polarities nearly aligned), for a total of nine geometric conditions.
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We chose silica microspheres as our MCs because their density is 2.2x that of water. This
biased the cargo to hang below the MT to which it was engaged, although Brownian motion
along all three axes was both expected and observed. Thus, in our setup, we always de-
posited the MC (via HOT) onto the “overpass” MT, such that the hanging cargo would be
likely to encounter the lower, crossing MT (Fig. 1B). With this setup, our 0µm separation
experiments resemble the “underpass” MT geometry in prior crossing experiments, in which
MTs were attached to a glass substrate [52, 69]. However, our experimental model allows for
MT bending, twisting, and vibrations which cannot be recapitulated when MTs are firmly
attached to a solid substrate. The absence of the solid glass substrate in our work is a major
difference since the cargo can explore many more three-dimensional paths as it negotiates
the intersection.
3.2.2 Final navigational outcomes depend on 3D geometry
For each of the nine MT network arrangements in our assays, we quantified final cargo routing
outcomes strictly in terms of, “switching” or “passing”, because detachment at intersections
was negligible. In addition, we do not report pause events, because we can characterize
the entire navigational event, even in cases where the MC navigational choice takes several
seconds to make. Below, we report switching probability only, as passing probability is
complementary.
Our results suggest that 3D MT network topology alone can be an effective regulator of cargo
routing (Fig. 3.1C). Geometries in the upper left corner of the table promote switching while
those in the lower right corner promote passing. Therefore, routing outcomes are determined
by multiple geometric factors interacting in non-trivial ways. Disentangling these factors
by intuition alone is challenging, therefore we relied upon in silico modeling. Helpfully,
many fine mechanistic details are resolved by our experimental approach (see below), which
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constrain the in silico model.
3.2.3 Characterization of Tug-of-War events
A cargo that does not engage in a ToW, does not switch; hence precisely distinguishing
between ToW and non-ToW events is critical to dissect the mechanisms that lead to differ-
ential switching probabilities. Our spatiotemporal resolution is sufficient not only to establish
whether a ToW took place, but also to precisely determine ToW durations.
We can readily identify ToW start and end by observing significant MC displacements away
from MT axes and associated MT deflections (Fig. 3.2A). MC tracks for representative
pass (Fig. 3.2B), and switch (Fig. 3.2C) events are shown, along with their displacements
projected along the axes of the intersecting MTs. A ToW start can be identified with the
beginning of a sustained displacement upon the crossing MT’s axis. ToW end can then be
identified when the cargo snaps back upon dissociation from either the primary or crossing
MT. BH displacements can also be used as an indicator of a ToW because the MC motors
engaged in a ToW will exert force on the MTs that ultimately displaces the BHs (Fig. 3.1B,
3.2A middle, D).
Although BH displacements can help confirm ToW presence and duration, their greatest
benefit is that they are an indicator of how many motors were exerting force on the bead.
We set the trap stiffness at ∼1 pN/100 nm, so that a single kinesin motor could not pull
the BH out of the trap (escape event) but two or more motors working together could do
so readily (Fig. 3.3). Quantifying collective activity of multiple motors via trap escape
forces is a well-established approach both in vivo [71, 72] and in vitro [73] and has been
validated in silico [73]. This setup allowed us to control the surface density of motors on
MCs by discarding assays in which BH escape fraction exceeded 25% of total events. This
provided refined control on top of the more crude and variable approach of controlling motor
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Figure 3.2: Identification and quantification of ToW.
(A) Three video frames: before, during, and after ToW (left to right). Circles show BH
positions in the left panel and are positioned identically in middle and right panels. Dashed
lines highlight positions of MTs inferred from video for each frame. Blue and red color scheme
represents over- and underlying components respectively (0.5 µm separation). Displacement
of the top BH relative to its fiducial circle indicates presence of ToW (middle panel); its
original position is restored once ToW has ended (right panel). White plus signs indicate
the MT plus ends. Frame timings shown in lower right corner.
(B) Analysis of the pass event shown in panel (A). Left panel: Trajectory of MC (red)
overlaid on one cropped video frame. Right panel: MC displacements projected along the
primary (blue) and crossing (red) MT directions. Red arrowhead highlights the snapback
event which is typical of a ToW conclusion. Gray band: ToW temporal extent (∼ 1.9 s).
(C) Analysis of a switch event. Left panel: Trajectory of MC (red) overlaid on one video
frame. Right panel: MC displacement projected along the primary (blue) and crossing
(red) MT’s axes (0.5 µm separation). Blue arrowhead highlights when the MC undergoes
a “snapback”, an event which is typical of a ToW conclusion. Gray band: ToW temporal
extent (∼ 1.6 s).
(D) MC displacement along the crossing (red) MT axis shown in (B) overlaid onto trace of
BH displacement from trap center, due to ToW (for the top BH in (A)). All scale bars are
5 µm.
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Figure 3.3: Restoring force on a glass bead (index of refraction 1.55, 1000 nm radius) exerted
by the HOT for various displacements from trap center. Calculations were performed using
previously published software[74].
concentration at incubation time. It also provided confidence that ToWs in our assays were
dominated by forces from 1-2 kinesin motors; more motors are likely engaged on the MT but
not all are positioned to exert force during the ToW.
3.2.4 Mechanisms of cargo routing
The ability to sensitively detect ToW events allowed us to quantify their probability. We
could then also examine the probability for the cargo to pass or switch, conditional on
ToW occurrence. This analysis is informative because these probabilities reveal different
aspects of cargo dynamics (Fig. 3.4). Our data indicates that ToW probability is sensitive
to 3D geometry: it is higher for narrower filament separations, and for acute/obtuse angles
(Fig. 3.4A). For 0µm separations, ToW probability is so high that significant differences
as a function of angle may not be practical to measure. A different pattern of navigational
outcomes emerges when trivial passes (no-ToW events) are omitted (Fig. 3.4B vs Fig.
3.1C). Four out of nine geometries show switch probabilities close to 50%. We also record
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switch probabilities that are significantly higher than 50% for the following geometries: 0 µm
normal, 0 µm acute, and 0.5 µm acute (p < .05 Barnard’s test). We conclude that geometric
constraints can promote or inhibit switching outcomes for ToW events.
3.2.5 A mathematical model of cargo transport reproduces ob-
served switch probabilities
As mentioned above, it is difficult to disentangle the mechanism through which each factor
acts to (in concert) determine ToW and switching probabilities. Therefore, to gain further
insight into the mechanism determining cargo routing, we constructed an in silico model of
cargo transport. This model allows us to examine experimentally unobservable details, such
as how motor locations, bound states and force states change with time.
The model incorporates relevant experimental details including: the well-established proper-
ties of kinesin-1 motors, and cargo translational and rotational diffusion, however, simulated
MTs do not move, twist, or bend (Fig. 3.5A). 500 cargo trajectories were simulated in-
dependently for each assay geometry, and probabilities of ToW and switching were then
determined analogously to the experimental data. For full simulation details and parameter
fitting procedure, see 4.1 and 4.2. Briefly, there were two parameters that could not be
established from current experiments or prior literature: average motor number attached to
MCs and each motor’s on-rate. These two parameters were constrained by matching three
experimental observations: ToW probability as a function of geometry (Fig. 4.2), fraction
of BH escape events and MC run lengths (Fig. 4.3). Thus, the model is fully constrained
and therefore predictive.
We found good agreement between experimentally observed and theoretically predicted prob-
abilities of ToW’ing and switching (Fig. 3.5B-D). We now turn to investigation of the quan-
titative details of ToW and switching (next two sections), and their implications for the
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Figure 3.4: Cargo navigation flow chart,
with associated outcome probabilities.
(A) Probabilities of ToW, as a function
of 3D MT network geometry.
(B) Probabilities of switching condi-
tional on ToW taking place, as a func-
tion of 3D MT network geometry. ** in-
dicate probability is significantly higher
than 50% (p<0.05, Barnard’s test).
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mechanisms of cargo navigation at MT intersections.
3.2.6 The influence of intersection geometry on ToW probability
The longer a cargo spends within reach of the primary and intersecting MTs (henceforth, the
ToW zone), the more chances unbound motors on the cargo have, to engage the intersecting
MT. This phenomenon can be understood from a simple, heuristic model. If we consider the
cargo as having a single rate of binding to the crossing MT given by kmacroon , the probability
the cargo binds to the crossing MT before leaving the ToW zone is given by
p(ToW) =
kmacroon
kmacroon + v/dToW
, (3.1)
where v is the cargo velocity and dToW is the length of the ToW zone. This simple model
can accurately reproduce experimental ToW probabilities for both the 0.5 µm and 1µm
separation distance geometries (Fig. 3.6), but not for the 0µm separation geometries. This
strongly suggests that there are mechanisms at play for 0 µm separations which are not
present at other distances (see below).
On the other hand, our full model closely recapitulates all experimental ToW probabilities,
including 0 µm separation data. It is encouraging that the model captures several a priori
intuitive features of the system. For 0 µm geometries, if a cargo is driven by multiple motors
then there is guaranteed to be a pool of motors able to bind the crossing MT (namely, the
already engaged motors). Thus, we a priori expect the ToW probability for all angles to be
close to 1, which our model reproduces. For 0.5 µm and 1µm geometries, we expect higher
ToW probability for longer ToW zones (acute and obtuse angles). Indeed, simulated ToW
probabilities were smallest for 90◦ intersections (Fig. 3.5B). Also, as expected, they were
symmetric about the normal angle (since kinesin binding is not affected by MT polarity).
Simulated ToW probabilities also increased when MT separation decreased from 1µm to
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Figure 3.5: Mathematical model of navigational outcomes.
(A) Snapshots of simulated cargo activity at an intersection (color coding as in Fig. 3.4). Ex-
amples of Pre-ToW, ToW, and post-TOW states are shown (left, middle, right respectively).
Motors bound to the primary MT are shown in cyan. Motors bound to the crossing MT
are shown in magenta. Unbound motors are shown as green spherical protrusions from MC;
sphere radius represents motor’s maximal reach. Bead’s “prime meridian” demarcated to
emphasize rotational movement. (B) Simulated probabilities to engage in ToW. Probability
of undergoing ToW for each geometry is shown as thin symbols (error bars: SEM). Experi-
mental data is shown as large symbols (error bars: 95% C.I.). Experimental data points for
0.5 µm geometries shifted slightly horizontally to aid the eye. (C) Simulated probability to
switch, given the cargo engaged in ToW. Simulated and experimental data represented as
in (B). (D) Simulated probability to switch, overall, i.e. the product of probability to ToW
(B), and probability to switch, given ToW (C). Simulated and experimental data represented
as in (B). (E) Snapshot of a ToW for 0 µm, 90◦ geometry. Here, primary MT motors are
blocked from passing the intersection by the crossing MT at 0 µm. Bound and unbound
motors represented as in (A). (F) Probability to switch increases with increasing simulated
fluid viscosity. Error bars: SEM. (G) Force exerted by crossing MT on the cargo for 0.5 µm
geometries (mean ± SEM).
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Figure 3.6: Solutions to the heuristic model for ToW probability
A heuristic model (given in equation 3.1) poses the probability of undergoing ToW as the
the probability of the cargo binding (with constant binding rate) to the crossing MT before
leaving the ToW zone (see equation 4.24 and figure 4.6). Solutions shown as solid curves.
Bars represent 95% confidence intervals for corresponding experimental data. Bars for data
at 0.5 µm shifted slightly to aid the eye. Solutions plotted with kmacroon set to 1 s−1.
0.5 µm, as expected. When the intersecting MT encounters the MC’s midsection, at 0.5 µm
separations, it samples more of the bead’s surface area (especially when rotational diffusion
is taken into account). Hence, at 0.5 µm separation, more motors are given a chance to
engage on the crossing MT, which increases ToW probability.
3.2.7 The influence of intersection geometry on navigational out-
comes, given ToW
Experimentally, we observe a large range of geometries (most 0.5 µm and 1 µm geometries)
where the conditional probability to switch is ∼50%. At first glance, this appears to be
a relatively intuitive result: if ToW lasts ∼1 s or more (our experimental ToW durations
average ∼3 s, Fig. 3.7), then the motor team engaged on the crossing MT should be able to
reach steady state [44], and become equal in number to the primary motor team. With two
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equivalent ways to proceed, the probability of either choice would indeed be ∼50%. However,
such a consideration is too simplistic as we discuss below.
Experimental results allow for sensitive identification of ToW, so that ToW events can be
analyzed separately from trivial “no-ToW” intersection passages (Fig. 3.4). The same
analysis can be performed for simulated events (Fig. 3.5B-D). A careful analysis of the
simulations helps us shed light on the mechanistic details of cargo navigation.
We first assessed whether the number of motors in the two ensembles is in fact equal in
our simulations. We find that contrary to na¨ıve expectation, the number of engaged motors
on the secondary MT is comparable but consistently lower than that on the primary MT
(ratio of ∼0.7; Fig. 3.8). The reason is that the motors already engaged on the primary MT
constrain the bead from full range of linear and rotational diffusion. Once a ToW starts, the
bead diffusion is even more constrained; this curtails the number of motors that can reach
the secondary MT. Thus, the team of motors pulling along the primary MT generally has
an advantage. However, the two paths to proceed are not equivalent either. The crossing
MT itself can serve as an obstacle for bead progress and exert a force which hinders the MC
from passing (Fig. 3.5G). The smooth decrease from passing to switching prevalence across
our experimental geometries (Fig. 3.4B) therefore reflects the balance between net motor
activity (which is biased in favor of moving along the primary MT) and steric hindrance
from the crossing MT.
3.2.8 The limits of geometric regulation
Our results establish that a single MT intersection can significantly bias cargo routing to-
wards more switching or more passing. Can a single MT intersection produce a near 100%
bias for switching or passing? What are the mechanisms which affect these limits? It is easy
to see that ∼100% passing naturally occurs for intersections with filament separation much
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Figure 3.7: Empirical cumulative probability distributions for ToW times
The time for which cargos underwent ToW in 90 degree (normal) geometries was measured
in experiments and simulations. Cumulative distributions are shown for each geometry. To
aid interpretation, medians are highlighted with dotted lines. Fits to gamma cumulative
distribution functions are shown in dashed lines. Good fits to gamma distributions with
shape parameter 2-3 indicate distributions are well approximated as generated from 2-3
independent exponential events which we interpret as motor unbinding events.
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Figure 3.8: Number of motors engaged on MTs during ToW
The mean number of motors engaged on the primary (top) and crossing (center) MTs during
simulated ToWs are shown for each geometry. Additionally, the ratio of the mean number
of motors engaged on the crossing MT to the mean number engaged on the primary MT is
shown (bottom). Data are represented as mean +/- SEM. Separation distances are colored
as specified in the legend in the top panel.
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greater than MC diameter. Is 100% switching attainable? To address this, we consider two
special cases which lead to elevated probability to switch, and their broader implications
for geometric regulation. For completeness, we also discuss each experimental geometry
individually in 4.3.
3.2.9 Low filament separations
A closer look at the geometric setup (Fig. 3.5E) makes it clear that the 0µm case is quali-
tatively distinct. At 0 µm separation, the crossing MT sterically hinders the motors engaged
on the primary MT, but not for the MC itself. To pass, the cargo can “hurdle” over the
crossing MT due to Brownian motion but this is improbable for our large silica MCs (den-
sity ≈ 2.2x water). Hurdling would also be unlikely in the viscous cytosolic environment
(even for smaller cargos). The only other way to pass is by a mechanism we refer to as
“monkey-barring.” To pass via monkey-barring, the MC must first diffuse underneath the
crossing MT so that some of the unengaged motors on its surface could bind to the dis-
tal side of the primary MT (Fig. 3.9A). The motors proximal to the crossing MT must
then gradually disengage. The above suggests that passing at 0µm separation should have
a sensitive dependence on the diffusion properties of the medium. This is indeed seen in
our simulations (Fig. 3.5F). In fact, for viscosities close to intracellular range, where cargo
diffusion is suppressed, the preference to switch approaches 100%.
3.2.10 Acute angles / intermediate separations
Why is switching more prevalent for 0.5 µm acute geometry? Again, this must be due to
the crossing MT acting as a strong hindrance, but the mechanism cannot be the same as
in the previous section. Here, monkey-barring is not feasible but hurdling is. Evidently, in
this case, for switching probability to be elevated, hurdling must be suppressed. The vertical
27
AB
Figure 3.9: Mechanisms that elevate switch probabilities.
(A) Illustration of MC approaching a normal intersection with a separation of 0µm.
1) Motors engaged on the primary MT can detach, then rebind to the crossing MT.
2) Unengaged motors can bind the crossing MT.
3) Unengaged motors can bind the primary MT at a site distal to filament intersection - the
first step in the monkey-barring mechanism.
All motors are in green regardless of engagement status.
(B) Illustration of MC engaged in ToW at an acute 0.5 µm intersection. A minimal ToW
with only two motors is shown for visual clarity. The forces exerted by motors are counter
aligned (grey arrows) and serve to wedge the MC between the MTs. Red arrows point to
MT plus ends.
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forces associated with the ToW for 0.5 µm acute geometry pull the MC between MTs. This
effectively wedges the cargo between the two MTs, which indeed prevents hurdling. We
refer to this mode of steric hindrance as “chop-sticking” (Fig. 3.9B). Note that in our
simulations, MTs were not allowed to bend, which would likely be a factor under experimental
conditions. In reality, the two motor teams engaged in a ToW during chop-sticking would be
expected to pull the two MTs closer together, which would make the crossing MT an even
stronger obstacle to passing. This is likely the reason why experimentally observed switching
probability for 0.5 µm acute geometry is somewhat higher than theoretical prediction.
3.3 Discussion
Cargos driven by multiple motors can exhibit incredibly complex behavior. Even when
one considers this for a single cargo moving along a single MT, the system complexity is
sufficient to lead to highly non-trivial emergent behaviors [42, 75]. The number of motors in
biologically relevant systems is typically small which necessitates highly detailed experiments
and modeling to account for not only averaged behavior but also the effect of fluctuations.
The addition of just one more filament adds such complexity that the emergent behaviors can
dramatically diverge to give rise to discrete outcomes: passing and switching. It is therefore
a fascinating model system to study emergent behaviors in biology.
We have modeled this problem in a highly controlled experimental environment in which we
imposed very specific restrictions on cargo size and other experimental variables. We then
performed highly detailed modeling of our system in silico to generalize our experimental
results. We were thus able to infer the key processes which underlie our observations. This
enables us to extrapolate how cargo routing might function in cells (and other environments).
Our analysis shows that the team of motors driving the cargo along the primary MT is
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generally at an advantage, even when the ToW is prolonged. This implies that there is an
inherent bias to pass. However, our data shows that for many geometric conditions passing
and switching is balanced, and in some cases, switching dominates. The missing factor which
shifts the balance between passing and switching is the extent to which the crossing MT acts
to sterically hinder the motors progressing along the primary MT.
We show that the crossing MT can indeed be an effective obstacle, especially when it inter-
sects at an acute angle with intermediate separation, or near-zero separation. Both types of
geometries significantly inhibit passing but via different mechanisms: intermediate separa-
tions with acute angles lead to chop-sticking, while near-zero filament separations mean that
passing is only accessible by means of monkey-barring (which is an unlikely event). These
results imply that the cell could selectively route cargos of different sizes by controlling MT
intersection angle and spacing. Our simulations closely follow the experimental results but
two important deviations are seen: the conditional probability to switch given that ToW
already started is higher in experiments than in simulations. Also, the time a cargo spends
at the intersection is higher in the experiment than in simulation (Fig. 3.7). In both cases,
the discrepancy is clearly linked to the fact that we model MTs as an infinitely rigid rod. To
date, MT rigidity has been mostly studied separately from MT-based transport. Our work
suggests that MT bending and more generally biomechanics of the MT cytoskeleton must
be taken into account in future studies of intracellular motility as they are a non-negligible
contributor to cargo routing.
A faithful and detailed in silico model of cargo motility and the ToW process enables us
to then speculate about cargo navigation patterns beyond our specific conditions. First, we
show that if viscosity increases, then switching would be further favored for near-zero filament
separations. In effect, our simulations lead us to speculate that not only MT geometry but
also local microrheology can be a regulator of cargo routing.
We also predict that extremely short motors should find reaching across the crossing MT
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for near-zero separations particularly difficult, so cargos driven by very short motors would
preferentially switch at intersections. It is tempting to speculate that overall kinesin length
evolved to reduce the probability of cargos getting trapped in filament-filament switching
loops.
On a more architectural level, our results suggest that for each cargo type and size there is
a critical MT density at which efficient transport can be inhibited by too much switching
at intersections. This prediction from the single molecule level dove-tails with the more
qualitative observations for the insulin secretion process [8].
Our work opens many new directions for future work, including studies of more complex
intersections, more complex cargos and motor complexes. Together these baseline studies
can then serve as a basis for studying chemical regulation of motility in the context of
cytoskeletal network geometry. A gradual from-the-bottom-up increase in complexity can
then gradually lead to comprehensive quantitative understanding of intracellular cargo fluxes,
from a single-molecule mechanistic perspective.
3.4 Materials and Methods:
3.4.1 Optical trapping and 3D motility experiments:
Our holographic optical trapping and bead assays were performed as previously described
[70]. However, in present work, enzymatically dead KIF5A heavy chain dimers were adsorbed
onto bead handles non-specifically. Switch/pass outcomes were assessed live during the
experiments from the video feed and recordings were conducted until definitive outcome was
attained. Video records of bead positions were tracked using custom software (MATLAB,
MathWorks, Natick, MA).
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3.4.2 Super-resolution imaging:
African green monkey kidney epithelial (BSC1) cells were labeled with primary antibody,
alpha-tubulin, against microtubules followed by secondary antibody labeling with Alexa
Fluor 647. Super-resolution images were recorded with a Vutara commercial microscope
(Bruker, Salt Lake City, UT) based on the single molecule localization (SML) biplane
FPALM technology [76, 77].
Microtubules were imaged using a 647 nm excitation laser, and 405 nm activation laser
in photoswitching buffer comprising of 20 mM cysteamine, 1% betamercaptoethanol, and
oxygen scavengers (glucose oxidase and catalase) in 50mM Tris+10 mM NaCl+10% glucose
buffer at pH 8.0. Images were recorded using a 60x/1.2 NA Olympus water immersion
objective and Photometrics Evolve 512 EMCCD camera with gain set at 50, frame rate at
50 Hz and maximal powers of 647 nm and 405 lasers set at 8 and 0.05 kW/cm2 respectively.
Data was analyzed by the Vutara SRX software (version 6.00). Single molecules were iden-
tified by their brightness frame by frame after removing the background. Identified particles
were then localized in three dimensions by fitting the raw data in a customizable region of
interest (typically 12x12 pixels) centered around each particle in each plane with a 3D model
function which was obtained from recorded bead data sets. Fit results were stored as data
lists for further analysis.
3.4.3 Statistical analysis:
Much of our data is in the form of contingency tables. Barnard’s exact tests were used to
assess significance of differences between outcomes.
32
3.4.4 Simulations:
See Chapter 4.
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Chapter 4
Mathematical Model for Routing at
Intersections
The following is adapted from a manuscript created by Jared Bergman, Matthew Bovyn,
Manasa Gudheti, Steven Gross, Jun Allard and Michael Vershinin. The project was initiated
by Michael Vershinin. Michael Vershinin and Jared Bergman developed the experiments.
Cargo navigation experiments were performed by Jared Bergman. Manasa Gudheti per-
formed super-resolution microscopy. The model was created by Matt Bovyn, Steve Gross,
and Jun Allard. Matt Bovyn wrote and performed simulations. The model was modified
and developed to fit the experimental situation by Matt Bovyn with advice from Jun Allard,
Steve Gross, Jared Bergman and Michael Vershinin.
Matt Bovyn and Jun Allard wrote the description of the model and model results, included
as this chapter. The manuscript was published as [1], and the materials in this chapter
became the supplementary information.
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4.1 Model description
We present a three dimensional mesoscale model for the dynamics of the cargo, which takes
into account rotational and translational diffusion, as well as stochastic stepping and binding
of the motors. The locations of the cargo bead and motors attached to it are governed by
a set of stochastic ordinary differential equations. Binding state and location of the motor
head along the microtubule (MT) are considered discrete states and transitions between them
occur stochastically, modeled as Poisson processes. We construct a Monte Carlo numerical
simulator, based on a hybrid Euler-Maruyama-Gillespie scheme, and simulate an ensemble
of stochastic trajectories, from which we derive probabilities for tug of war and switching.
Motors in the model have two states:
Bound: A motor i is defined by two points: one represents the the motor domains, which
we call the head ~hi; the other represents the location at which the motor is bound to
the bead, which we call the anchor ~ai. The motor has a rate of stepping along the MT
kistep and a rate of unbinding from the MT k
i
off.
Unbound: A motor i is defined by one point, the anchor location ~ai. The motor has a rate
of binding to MT j, ki,jon , that depends on its location relative to the MT as described
below.
We track the anchor locations, head locations of bound motors, the location of the cargo
center ~c, and the cargo orientation ~θ.
4.1.1 Stochastic ordinary differential equations for cargo motion
We first impose force-balance on the cargo. The motion of the cargo is the inertialess regime
(Reynolds number ∼ 10−6), so we omit the inertia term. A free body diagram showing the
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Figure 4.1: Diagrams of cargo dynamics
A) Schematic of a model cargo in motion. Kinesin motors are shown in green, primary MT
in red, crossing MT in blue, and bead in white.
B) Free body diagram of the cargo corresponding to the cartoon in A. Anchor locations ~ai
and head locations ~hi are shown with green dots. Cargo center location ~c is shown with a
white dot with black outline. Forces are shown with solid arrows. Dashed arrows show the
lever arm through which the motor forces exert torque.
C) Diagram showing the possible state changes corresponding to the cartoon in A. Unbound
motors have on rates greater than 0 if their anchor is less than 1 motor length from a MT.
Bound motors have rates of stepping and unbinding.
deterministic forces acting on model cargo is shown in figure 4.1B. All forces must balance,
so
∑
~F =
∑
i
~F im︸ ︷︷ ︸
motor forces
+
∑
j
~F js︸ ︷︷ ︸
steric forces
+ ~Fg︸︷︷︸
force of gravity
+ ~Fb︸︷︷︸
Brownian force
+ ~Fv︸︷︷︸
viscous force
= 0. (4.1)
Similarly, we can write the balance of torques on the model cargo
∑
~τ =
∑
i
~τim︸ ︷︷ ︸
torque from motor forces
+ ~τb︸︷︷︸
Brownian torque
+ ~τv︸︷︷︸
viscous torque
= 0. (4.2)
By specifying the forms of each of these forces below, we construct the equations of motion
of the cargo center ~c and cargo orientation ~θ.
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Motor forces
We model the force that the motor exerts on the cargo as originating from the stretch
in spring-like motor stalks, based on experimental measurements [33, 34] and in line with
previous models [42–44]. The form of this force is that of a one-way (tension-only) spring
with rest length equal to the length of the motor. The force ~F im exerted by motor i on the
cargo bead is given by
~F im
(
~ai,~hi
)
=

−κm
(∣∣∣~hi − ~ai∣∣∣− L)( ~hi−~ai|~hi−~ai|
) ∣∣∣~hi − ~ai∣∣∣ > L
0 otherwise
. (4.3)
This force also exerts a torque on the cargo bead, given by the cross product of the lever
arm and force vector
~τim
(
~ai,~hi,~c
)
=
(
~ai − ~c)× ~F im (~ai,~hi) . (4.4)
Steric forces
The cargo bead and MTs are prevented from overlapping in space by a steric force with the
form of a one-way (compression-only) spring, given for MT j by
~F js (~c) =

−κs
(
R−
∣∣∣~r (~c, j)∣∣∣)( ~r(~c,j)∣∣~r(~c,j)∣∣
) ∣∣∣~r (~c, j)∣∣∣ < R
0 otherwise
, (4.5)
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where ~r (~p, j) is a vector from point ~p to the nearest point on the MT. This is found by
computing the perpendicular distance from ~p to the MT surface, given by
~r (~p, j) =
1− RMT∣∣∣∣(~xjMT − ~p)− ((~xjMT − ~p) · ~djMT) ~djMT∣∣∣∣

(~xjMT − ~p)− ((~xjMT − ~p) · ~djMT) ~djMT
 . (4.6)
Force of gravity
The experimental system uses a silica bead with density greater than water as the cargo.
Therefore the model cargo experiences a small but significant force due to gravity given by
the buoyancy of the bead,
~Fg =
4
3
piR3(ρb − ρw)~g, (4.7)
where ρb and ρw are the mass densities of the silica bead and water, respectively.
Brownian force
The Brownian force ~Fb is a random variable with mean 0 and variance 2kBTξ, where ξ is
the drag coefficient and kBT is the thermal energy unit. Specifically,
〈
~Fb
〉
= ~0 (4.8)〈
~Fb(t) · ~Fb(s)
〉
= 2(kBT )(6piηR)δ(t− s) (4.9)
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where we have inserted the translational drag coefficient of a sphere at low Reynold’s number
and δ(x) is the Dirac delta function.
Similarly, the Brownian torque on the bead is a random variable characterized by
〈~τb〉 = ~0 (4.10)
〈~τb(t) · ~τb(s)〉 = 2(kBT )(8piηR3)δ(t− s). (4.11)
Viscous force
In the low Reynolds limit, linear drag dominates. The drag on the cargo is thus given by
Stokes’ Law,
~Fv = −6piηRd~c(t)
dt
. (4.12)
The viscous torque is given by the rotational analogue to Stokes’ Law,
~τv = −8piηR3 d
~θ(t)
dt
. (4.13)
Construction and discretization of the stochastic ordinary differential equations
With the forms of forces known, we rewrite equations 4.1 and 4.2 as a pair of coupled ordinary
stochastic differential equations
d~c(t)
dt
=
1
6piηR
(∑
i
~F im
(
~ai(t),~hi(t)
)
+
∑
j
~F js (~c(t)) + ~Fg
)
+
1
6piηR
~Fb(t) (4.14)
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and
d~θ(t)
dt
=
1
8piηR3
(∑
i
~τim
(
~ai(t),~hi(t),~c(t)
))
+
1
8piηR3
~τb(t), (4.15)
Equation 4.14 is a specific implementation of the overdamped Langevin equation, used in
Brownian dynamics. Equation 4.15 is its rotational counterpart.
We discretize these equations according to the Euler-Maruyama method. For an update from
the nth timestep at time tn to the next time tn+1 with ∆t ≡ tn+1 − tn, the discretization is
~c(tn+1) = ~c(tn) +
1
6piηR
(∑
i
~F im
(
~ai(tn),~h
i(tn)
)
+
∑
j
~F js (~c(tn)) + ~Fg
)
∆t
+
√
2
kBT
6piηR
∆t ~Gc(tn) (4.16)
and
~θ(tn+1) = ~θ(tn)+
1
8piηR3
(∑
i
~τim
(
~ai(tn),~h
i(tn),~c(tn)
))
∆t+
√
2
kBT
8piηR3
∆t ~Gθ(tn). (4.17)
where ~Gnc and ~G
n
θ are two mutually uncorrelated vectors of three independently and identi-
cally distributed gaussian random variables with mean 0 and variance 1.
Update of anchor locations
Since the motors are statically bound to the bead, the change in their locations is fully
defined by the change in the location of the center of the bead ~c(tn+1)−~c(tn) and the change
in the orientation of the bead ~θ(tn+1)− ~θ(tn).
The change in the bead orientation ~θ(tn+1)−~θ(tn) corresponds to a vector pointed along the
axis of rotation of the bead with a length corresponding to the magnitude of the rotation in
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radians. This vector can be converted into a rotation matrix MR(tn). The next location of
anchor i is then calculated by finding
~ai(tn+1) = ~a
i(tn) + (~c(tn+1)− ~c(tn)) +
(
MR(tn)
(
~ai(tn)− ~c(tn)
)
+ ~c(tn)
)
. (4.18)
4.1.2 Poisson processes
We model all state transitions in the system as Poisson processes, diagrammed in figure
4.1C. Experiments have reported exponential distributions of times between steps [23] and
times before unbinding [30]. This is also the most basic assumption we can make for times
before binding.
Stepping
Kinesin motors step processively along MT tracks in a hand-over-hand fashion, with each
motor domain taking 16 nm steps [21] that move the center of mass of the motor forward by
8 nm [22]. The rate at which the motor steps, and thus the motor velocity, depends on the
load the motor is stepping against in a way well modeled as
kistep =

v
d
(1− F im/Fs)w F im < Fs
0 F im ≥ Fs
, (4.19)
as described in [24].
When a motor steps, it is moved forward along the direction of the MT j to which it is
bound by the step distance d. This translates to an update of the head position
~hi(tn+1) = ~h
i(tn) + d
(
~djMT
)
. (4.20)
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Unbinding
Kinesin unbinds from the MT with a rate dependent on the force experienced by the mo-
tor. Measurements have shown that unbinding rate increases exponentially below stall [31].
Above stall, measurements have shown that unbinding rate increases only slowly with in-
creasing force [30]. Therefore, we state the unbinding rate as
kioff =

0 exp(F
i
m/Fd) F
i
m ≤ Fs
a+ bF im F
i
m > Fs
. (4.21)
When a motor unbinds, it is simply put into the unbound state as defined at the beginning
of this section.
Binding
The conditions which govern the rate of binding to the MT are not well known. In the absence
of detailed experimental elucidation, we make only the most basic assumptions possible: the
motor domains must be able to reach the MT to bind, and, if this condition is met, the
motor binds with a constant rate. This translates to an on rate for motor i to MT j given
by
ki,jon =

pimicro0 |~r (~ai, j)| ≤ L
0 otherwise
(4.22)
where ~r (~ai, j) is given by equation 4.6.
When a motor i binds to MT j, the head location is placed at the location on the MT nearest
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the anchor location ~ai, given by
~hi(tn+1) = ~a
i(tn) + ~r
(
~ai(tn), j
)
. (4.23)
4.2 Numerical simulation of the model
Section 4.1 outlines a numerical scheme for updating for the model’s dynamic variables in
equations 4.16, 4.17 and 4.18 over a timestep ∆t. We simulate the model forward in time
using these equations. Time steps are chosen dynamically. The largest stable time step for
the Euler-Maruyama scheme is given by ξ/κ, where ξ is the drag coefficient and κ is the
spring constant of the stiffest operating spring. The maximum time step is chosen based on
the springs active during that step. The equivalent stiffness of multiple active motor springs
is taken into account, but the steric spring in equation 4.5 remains by far stiffest in the
system if it is active.
For each timestep, we generate exponential random variables from distributions with means
set by each Poisson rate, given in equations 4.19, 4.21, and 4.22, as in the Gillespie (next-
event) algorithm. If any of these times are smaller than the maximum stable time step, the
smallest generated time is chosen. If the smallest generated time came from an unbinding
rate, a state change is implemented at the end of the update step by setting the motor to
the unbound state. If this time came from a stepping rate or binding rate, the update occurs
by equation 4.20 or 4.23, respectively. If no generated time is shorter than the maximum
stable time step, the update is done with the maximum stable time step and there is no
state change. The memoryless property of the exponential distributions which underlie the
Poisson processes ensure that these substeps do not change the overall dynamics.
The numerical simulation is written in C. It takes approximately 0.5 s to simulate 1 s of cargo
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motion with a 3.3 GHz Intel Core i5 processor (single thread).
4.2.1 Model parameters
The kif5A motors used in experiments are members of the well studied kinesin-1 family.
As such, many of the model parameters have been estimated in previous experiments. The
parameters used to simulate the model are given in table 4.1. There are two parameters in
the model not well constrained by experiments in the literature: the number of motors on a
cargo, N , and the on rate of a motor given that it is close enough to the MT to bind, pimicro0 .
4.2.2 Initial conditions
Beads are incubated with motors in solution to produce experimental cargos. We assume
this process produces beads with motors uniformly distributed on their surface as supported
by experimental evidence in [82]. Therefore, we generate random positions for motor anchors
uniformly distributed on the surface of the bead.
Simulated cargos are initially placed just below the primary MT and far enough from the
intersection that the cargo can not reach both MTs simultaneously (section 4.3.3 and figure
4.6). This distance is a function of the MT geometry and is given by equation 4.24. All
cargos begin the simulation with one motor attached to the MT. This motor is selected at
random and the cargo is rotated so its anchor is next to the MT.
4.2.3 Special case of 0 µm geometries
As discussed in the main text, in 0 µm geometries the crossing MT presents a steric barrier
to the progress of the primary MT motor team. To modify the simulation to incorporate
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Table 4.1: List of parameters. Values listed are used for all simulations unless explicitly
stated.
Parameter Description Value Notes
N Number of motors on the
bead
30 Determined by fit to exper-
iments in this paper
κm Kinesin stalk spring con-
stant
320 pN µm−1 Measured in [33, 34]
L Kinesin length 80 nm Measured in [78, 79]
pimicro0 Base binding rate (micro-
scopic)
10 s−1 Determined by fit to exper-
iments in this paper. Lower
bound estimated in [40, 80]
0 Base unbinding rate 0.7 s
−1 Estimated from run lengths
[31, 81, 82]
a Superstall unbinding rate
intercept parameter
1.07 s−1 Measured in [30]
b Superstall unbinding rate
slope parameter
0.186 s−1 pN−1 Measured in [30]
Fs Stall force 5 pN Measured in [25, 30, 31]
Fd Critical detachment force 4 pN Measured in [30, 31, 83]
v Unloaded motor velocity 1 µm s−1 Velocities measured here
d Step size 8 nm Measured in [22]
w Curvature index 2 Measured in [25, 26]
κs Steric spring constant 40 000 pN µm−1 Set high enough to ensure
the cargo spends no more
than 5 time steps in a row
intersecting a MT
R Cargo bead radius 0.5 µm Provided by manufacturer
ρb Cargo bead density 2.0 g/cm
3 Provided by manufacturer
ρw Density of experimental
medium
1.0 g/cm3 Density of water
~g Vector for gravitational
acceleration
(0,0,-9.8)
m/s2
η Viscosity of fluid 8.5× 10−4 Pa s Viscosity of water
T Temperature of the fluid 293 K Experiments performed at
room temperature
RMT MT radius 12 nm Measured in [9]
~x1MT Defining point for pri-
mary MT
(0,0,0)
~d1MT Defining direction vector
for primary MT
(1,0,0)
~x2MT Defining point for cross-
ing MT
Varied in simulations
~d2MT Defining direction vector
for crossing MT
Varied in simulations
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these effects, motors walking along the primary MT were prevented from stepping into the
volume occupied by the crossing MT. Unbound motors were also prevented from binding if
their head would be placed in the volume occupied by the crossing MT. These restrictions
were lifted if the cargo was above the plane of the MTs.
4.2.4 Fitting unknown parameters to data
While the behavior of bound kinesins under load has been intensely investigated, the binding
rate of kinesin to the MT is less understood. A binding rate of 5 s−1 has been estimated
based fits to other models [40, 80], but these estimates include diffusion processes and do not
directly translate to the microscopic binding rate we use here. We define the microscopic
binding rate as the rate at which a motor binds the MT given it is possible for the motor
heads to reach the MT, thus 5 s−1 represents a lower bound.
It was unfeasible to directly determine the total number of motors bound to experimental
beads. Modeling binding of motors to beads in solution using Poisson statistics has enabled
estimation of motor number when there are few motors (binding fraction < .9)[82], but the
experiments in this work are done in the many motors regime (binding fraction indistinguish-
able from 1) so motor number cannot be determined from binding fraction. Simple binding
of motors to cargo beads in solution predicts a total numbers of motors which is Poisson
distributed [28]. We simulate with only a single number of total motors, which we iden-
tify with the mean of the experimental Poisson distribution. We do not expect this model
simplification to impact the results due to the peaked nature of the Poisson distribution.
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Fit to tug of war probability
To determine values for the unknown parameters (total number of motors N and microscopic
on rate pimicro0 ), we fit to the probability of cargos to undergo ToW.
Ensembles of cargo trajectories were simulated for combinations of total number of motors
and off rate and assayed for ToW as outlined in section 4.3.1. We survey the fit to ToW
probability for experimental conditions and compare the simulated probability with the
experimentally measured one. We exclude 0 µm separation geometries, as prominent steric
effects which might obscure the fit are present (see figure 4.6). Furthermore, ToW probability
is symmetric about the normal (see figures 4.5A and 4.6), so angled geometries were grouped
to increase statistical power. This leaves us with four experimental conditions to fit, as shown
in figure 4.2.
The experimental geometries provide redundant information about best fit parameters, with
many parameter combinations fitting all four. Therefore we examine other experimental
observations to select a set of parameters.
Robust transport constraint
Experimental cargos are often observed to travel along the entire length of microtubules
(10 µm or greater). Because single motor off rates are constrained by single molecule run
length experiments [31, 81, 82], we can constrain acceptable combinations of motor number
and on rate by looking at simulated cargo run length. An ensemble of cargos were simulated
without the crossing MT and allowed to walk until either all motors detached from the MT
or a motor head passed a point 10 µm from where the cargo started. Results are shown in
figure 4.3. In experiments, roughly half of cargos were observed to travel the entire length
of the MT.
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Figure 4.2: ToW probabilities for varying combinations of the unknown parameters
ToW probabilities are shown as grey scale heat maps for a range of parameter combinations.
Those which yielded ToW probabilities within the experimental 95% confidence interval are
highlighted in color. Red highlighting indicates a probability above the experimental mean,
blue highlighting below. All probabilities gathered from 300 cargos. For angled geometries,
150 acute runs were grouped with 150 obtuse runs.
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Figure 4.3: Experimental observations inform selection of unknown parameters
Left : Fraction of cargos that travelled more than 10 microns are shown as a heat map for a
range of parameter combinations. Fractions determined by simulation of 300 cargos.
Right : Mean number of motors engaged on the MT at steady state is shown as a heat map
for a range of parameter combinations. Values represent mean over 200 cargos. The number
of motors engaged was assessed 1.5 s after the run began for each cargo. This time was long
enough for cargos of all parameter combinations to reach steady state.
Force constraint
In experiments, force production of cargos was limited by the strength of the optical traps
securing the bead handles. If generated forces were large enough, the forward bead handle
was pulled out of its optical trap. Data for these cargos was discarded. The maximum force
the bead handles could withstand was about 7 pN, greater than the single motor stall force
but less than the maximal stall force of two motors. Because experimental cargos often do
not stall and geometric effects tend to keep all motors from exerting their maximal force on
the bead handle at once, we expect there to be 2-3 motors exerting force on the bead handle.
Because simulated MTs are not dynamic, average or maximal simulated forces do not neces-
sarily correspond to those one would expect to see experimentally. Therefore we investigate
the number of motors simultaneously engaged on the MT at steady state, which estimates
an upper limit for the number of motors simultaneously producing force.
To find the number of motors engaged on the MT, we simulate cargos walking along the pri-
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mary MT without interference from a crossing MT. First, we simulate an ensemble of cargos
and examine the average number of motors engaged over the ensemble as time progresses.
After an initial transient, there is a period of time where neither the number of engaged
motors nor the standard deviation thereof changes much. We call the average number of
engaged motors during this time the steady state number. A survey of parameter combina-
tions revealed that 1.5 s was long enough for cargos to come to steady state. Then, we check
the average number of engaged motors at steady state for many parameter combinations.
The results are shown in figure 4.3.
Parameter selection
A survey of figures 4.2 and 4.3 reveals that only parameter combinations with high numbers
of total motors and low on rate fit the ToW probability and also match estimated run length
and number of engaged motors. A manual search of parameter combinations in this region
yielded N = 30, kmicroon = 10 s
−1 as the best fit.
4.3 Model Results
Cargo trajectories were simulated forward in time as described in sections 4.1 and 4.2. Sim-
ulations were performed using the parameter values listed in table 4.1. All parameter values
used except microscopic on rate and total number of motors on the cargo are established in
the literature or set by the experiment. Section 4.2.4 details how values for the unknown
parameters were fit.
An ensemble of trajectories was simulated for a given geometry. Trajectories were categorized
as described below, and probabilities of ToW and switching were derived. As shown in figure
4.4, the general behavior of simulated cargos was the same as experimental ones.
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4.3.1 Categorization of trajectories
Simulated trajectories were categorized using rules intended to emulate experimentally ob-
served markers. Simulations began with the cargo outside of the ToW zone (section 4.3.3
and figure 4.6) and ended one of three ways: by the cargo detaching from the MT, by the
cargo leaving the ToW zone on the primary MT, or by the cargo leaving the ToW zone on
the crossing MT. The latter two cases were categorized as passes and switches, respectively.
If the cargo detached from the primary MT before going by the intersection point, the run
was discarded. If the cargo passed the intersection on the primary MT, but detached before
leaving the ToW zone, the run was counted as a pass. Similarly, if the cargo was walking
on the crossing MT but detached before leaving the ToW zone, the run was counted as a
switch. Experimental runs were categorized using the same criteria.
Simulated cargos were marked as undergoing ToW when motors were attached to both MTs
simultaneously for more than 0.25 s. This time was selected as the minimum time in which
a ToW would be detectable experimentally, given the camera frame rate. ToW time was
measured as the total time during which motors were attached to both MTs and average
values during ToW were accumulated during this period.
4.3.2 Encounter outcome dependance on MT geometry
Ensembles of trajectories were simulated for varying separations and angles between the
MTs. MT separations were varied from 0 µm to 1µm, corresponding to 0 to 1 times the cargo
diameter. Angles between the MTs were varied from nearly parallel to nearly anti-parallel.
Figure 4.5 shows the resulting ToW and switch probabilities, along with the conditional
probability of switching, given the cargo underwent ToW.
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1-p(switch|ToW)
p(switch|ToW)
1-p(ToW)
p(To
W)
p(switch)
pass
switch
Figure 4.4: Snapshots from simulated cargo trajectories
During a simulation run, cargos begin outside the ToW zone with a single motor attached
to the MT. Motors step stochastically, moving the cargo along the MT (left). The cargo
diffuses translationally as well as rotationally. When the cargo encounters the crossing MT,
motors may bind and induce a ToW with p(ToW) (center,top) or the cargo may go by the
MT without any motors binding(center,bottom). Cargos which do not ToW always pass.
ToWs may end in the primary MT motor team becoming detached, resulting in a switch,
with probability p(switch—ToW) (right,top). Otherwise, the motor team on the crossing MT
detaches, resulting in a pass (right,bottom). To switch, a cargo must undergo ToW, then
the crossing MT team must win the ToW. Therefore, the overall probability of switching
p(switch) in given by p(ToW)× p(switch—ToW).
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C
Acute Normal Obtuse
Figure 4.5: Probabilities of ToW and switching given ToW combine to explain switch prob-
ability
A: ToW probability as a function of the angle between the MTs is shown for separation
distances corresponding to 0, 1/4, 1/2, 3/4 and 1 times the cargo diameter. Simulated data
shown with thin bars representing standard error. Curves represent quadratic fits to simu-
lated data for all but 0.25 µm separation distance, which is fit to a quadratic with an overlaid
gaussian. Experimental data shown with think bars representing 95% confidence interval.
B : Conditional probability of switching, given the cargo undergoes ToW. Data represented
as in A.
C : Overall switch probability. Data represented as in A
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4.3.3 Explanation of ToW probability
In agreement with intuition, ToW probability increases with the distance the cargo must
travel while able to reach both MTs simultaneously, which we call the ToW zone, denoted
xToW. The extent of the ToW zone was calculated from geometry diagrammed in figure 4.6,
and is given by
xToW = 2
√
4(L+R +RMT )2 − ((~x1MT − ~x2MT) · zˆ)2∥∥∥~d1MT× ~d2MT∥∥∥
= 2
√
4(L+R +RMT )2 − (separation distance)2
sin(MT angle)
. (4.24)
The probability a cargo will undergo ToW can then be understood as a competition between
the rate at which the cargo binds to the crossing MT, which happens at a rate which we
denote kmacroon , and the rate it leaves the ToW zone, which happens at a rate given by the
cargo velocity (equal to the maximum single motor velocity v) divided by the ToW zone
length. Thus,
p(ToW) =
kmacroon
kmacroon +
v
xToW
. (4.25)
The rate at which the cargo attaches to the crossing MT, kmacroon , is in general a complex
function of geometry as well as motor and cargo parameters. However, for this heuristic
analysis we assume it is constant across different geometries. If we fit the macro on rate
to the experimental data on ToW probability, we recover the qualitative features of the full
simulation result as shown in figure 4.6.
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Figure 4.6: A heuristic model matches qualitative features of ToW probability
Left : Diagram of the ToW zone. The ToW zone is defined as the distance along the primary
MT in which the cargo can reach the crossing MT. Its length was calculated geometrically
and is given by equation 4.24. Primary MT is shown in blue, crossing MT in red, motors in
green and cargo in white.
Right : Solutions to the heuristic model for ToW probability. The heuristic model poses the
probability of undergoing ToW as the the probability of the cargo binding (with constant
binding rate) to the crossing MT before leaving the ToW zone and is given in equation 4.25.
Experimental probabilities are shown with error bars representing 95% confidence interval.
Bars for data at 0.5 µm shifted slightly to aid the eye. Solutions plotted with kmacroon set to
1 s−1.
Steric effects strongly influence ToW probabilities in 0µm and 0.25 µm geome-
tries
A comparison of figures 4.6 and 4.5A reveals that the heuristic model captures the features
of ToW probability for MT separations 0.5 µm and greater very well. However, it fails to
reproduce features of the simulated data at 0.25 µm and 0µm. This failure shows that
the peak in ToW probability near the normal for 0.25 µm separation and the overall high
ToW probability at 0 µm must result from effects not considered in the heuristic model. As
discussed in the main text, steric interactions play a large role.
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4.3.4 Explanation of conditional probability of switching given
ToW
The complex dependence of conditional probability of switching on geometry is not intuitive
and warrants further investigation. To this end, we show the mean number of motors engaged
on each MT during ToW, the mean forces exerted on the motor teams during ToW, the ToW
time, and how each of these depends on the MT geometry in figure 4.7. Below we explain
the behavior of the simulated conditional probability of switching on geometry using these
results.
1 µm near-normal geometries
At 1µm separation distance, the cargo can not sterically interact with both MTs at once.
Since forces exerted by the MTs are minimal (figure 4.7C), motor teams in these ToWs pull
directly on each other, as evidenced by high forces on the motor teams and a ratio near 1,
shown in figure 4.7B. Furthermore, ToW times are short (figure 4.7D), meaning the crossing
MT team often only gets one chance to cause a switch. One might expect, then, that since
the ratio of crossing MT to primary MT motor number is ≈ .7 (figure 4.7A), switches would
happen about 30% of the time. However, a ToW between motor teams of different numbers
is not directly determined by motor numbers. The slow increase of unbinding rate above stall
gives the smaller team a significant chance to win the ToW, leading to an overall probability
of switching higher than 30%, but still below 50%.
1 µm acute geometries
Conditional probabilities of switching at 1 µm are slightly higher for acute geometries than
they are near the normal. As in the latter, motors pull directly on each other during ToWs,
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DCA B
Figure 4.7: Numbers engaged, forces and ToW times explain conditional probability of
switching
A: Mean number of motors engaged during ToW for primary and crossing MT teams. The
numbers are shown as a function of MT angle. Below, the ratio of mean motors engaged on
the crossing MT to the primary MT is shown. Separation distances are colored as described
in the legend in the top panel of A. Error bars represent standard error of the mean.
B : Mean force experienced by the motor teams on the primary and crossing MTs during
ToW. Forces are shown as a function of angle. Below, the ratio of the forces on the crossing
MT team to the forces on the primary MT team is displayed. Data represented as in A.
C : Mean steric force exerted by the primary and crossing MTs during ToW. Forces shown
as a function of angle and represented as in A. D : Mean ToW time as a function of angle
between the MTs. ToW time is the total time motors are engaged on both MTs. Data
represented as in A.
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evidenced by high forces in figure 4.7B. However, an asymmetry exists between a ToW won
by the crossing MT motor team and the primary MT motor team in acute geometries. When
the primary MT motor team wins a ToW, the cargo continues on through the ToW zone
(which is longer for more acute geometries, see equation 4.24). During this time motors may
again bind to the crossing MT, giving another chance for a switch. Evidence of this effect
can be seen in the longer ToW times shown in figure 4.7D. However, when the crossing MT
team wins a ToW, the cargo is likely to diffuse down and away from the primary MT and
avoid rebinding. This effect drives switching up slightly for acute geometries compared to
near-normal.
1 µm obtuse
Unlike in near-normal and acute geometries at 1µm, motors in obtuse geometries feel low
average forces, as shown in figure 4.7B. ToW times are long, as seen in figure 4.7D, because
MT alignment is close to parallel and motors walk in nearly the same direction. Motors do
not feel significant load until the cargo has moved far enough from the intersection that the
distance from MT to MT is greater than twice the bead diameter. These long periods of
walking under low force turn the ToW into a competition of processivity as much as force.
While a smaller motor team can compete against a larger motor team in a force competition,
processivity grows quickly with motor number, so larger motor teams are more likely to win
a processivity competition. Because there are on average more motors on the primary MT
team, the probability of switching goes down as the distance walked goes up with more
obtuse angles.
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0.5 µm near-normal geometries
In 0.5 µm geometries, the cargo must hurdle up and over the crossing MT to pass. If the
cargo is underneath the primary MT, the primary MT motors are loaded as they pull the
cargo into the crossing MT, but the cargo cannot pass the intersection until it is out from
underneath the primary MT. In near-normal geometries, the crossing MT team assists this
process by pulling the cargo out toward the plus end of the crossing MT. While this is taking
place, the primary MT motors continue to be loaded. This load sometimes causes primary
MT motors to unbind, leading to a weaker team on average. As crossing MT motors walk,
the force from the primary MT motors is shifted from the crossing MT to the crossing MT
motor team. In the end, this interaction has similar dynamics to the ones described in the
1 µm near-normal geometries, albeit with a primary MT motor team that is now weaker
on average. This slightly biases the ToW toward the crossing MT team relative to 1µm
near-normal geometries, resulting in a ToW probability near 50%.
0.5 µm acute geometries
Unlike in near-normal geometries at 0.5 µm, the crossing MT motors do not aid hurdling
behavior in acute geometries. In fact, they impede hurdling; when the crossing MT motors
engage, they act to wedge the cargo between the MTs, described as ”chop-sticking” in the
main text. This effect can be seen in the high forces exerted by the MTs at these geometries
shown in figure 4.7C. Because crossing MT motors impede hurdling and the cargo must
travel beyond the intersection to pass, crossing MT motors often get multiple chances to
cause a switch, indicated by long ToW times in figure 4.7D. This leads to the conditional
probability of switching rising 50%.
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0.5 µm obtuse geometries
As in 0.5 µm near-normal geometries, crossing MT motors aid hurdling in 0.5 µm obtuse
geometries. Additionally, like obtuse geometries at 1 µm separation distance, ToW times are
long (figure 4.7D) and forces are low (figure 4.7B). As described, this biases the ToW toward
the larger motor team on the primary MT and results in less switching.
0.25 µm and 0.75 µm geometries
The conditional probability of switching in 0.25 µm and 0.75 µm geometries is similar to that
of 0.5 µm geometries, indicating the same mechanisms are at play. There is a significant
deviation at angles near the normal in 0.25 µm geometries. At these angles, the crossing MT
becomes a very effective barrier to progress of the cargo. Because the crossing MT is above
the cargo equator, steric forces from the crossing MT tend to push the cargo back down,
causing it to get stuck below the intersection. This effect can be seen in the high MT forces
near normal in figure 4.7C. Stuck cargos are more likely to switch, leading to an overall high
switching probability.
0 µm near-normal geometries
As explained in the main text, cargos may only pass two ways in 0 µm geometries: by the
cargo hurdling up and over the crossing MT, or by monkey-barring. Since cargos experience
a gravitational force, they are likely to encounter the intersection below the crossing MT
and not be able to hurdle. Because successful monkey-barring is a process which requires
two rare events, this leads to a high probability of switching.
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0 µm acute geometries
Because the ToW zone is longer in acute geometries than near-normal, cargos are more likely
to undergo several ToW events. This is reflected in the long ToW times at acute geometries
shown in figure 4.7D. In the opposite effect of that in 0.5 µm geometries, these longer ToWs
lead to less switching in 0µm geometries. This is because these longer ToWs give the cargo
more chances to monkey-bar and pass the intersection.
0 µm obtuse geometries
Conditional probability of switching falls as angles become closer to parallel for 0 µm separa-
tion distance, and approaches 50%. The forces on the cargo in these geometries are such that
motors on the crossing MT tend to pull the cargo up and over the top of the intersection.
This leads to greater ease of passing because the crossing MT no longer blocks progress of
the primary MT motor team when the cargo is above the plane.
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Chapter 5
Discussion
The results detailed in the previous two chapters describe how specific cargos, engineered
outside of the cell, navigate intersections between two microtubules, also constructed outside
the cell. This study adds to previous in vitro work on cargo routing at intersections, which
described the ability of cargos to switch between microtubules at intersections constructed
by laying microtubules on top of each other [52]. This work adds to our understanding of
how cargos switch microtubules by extending into three dimensions. Doing so necessitated
the development of sophisticated new experimental methods by the Vershinin lab, by which
the position of two microtubules can be controlled relative to each other with high precision.
This was achieved by using holography to create and individually manipulate several optical
traps [70]. Using this technique, we were able to find that intersection geometry can influence
cargos to switch or pass. We find that the same cargos have as much as a 2/3 chance of
switching in some geometries, while they have as low as a 1/5 chance in other geometries.
To help understand why intersection geometry has a strong influence on switching probability
we used a computational model. We based the model on basic physics and the well-known
in vitro behavior of the molecular motors used in the experiments. The model allowed us
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to learn that routing outcomes can be understood through a balance between the steric
hinderance of the crossing microtubule, which influences cargos to switch, with the stronger
motor team on the primary microtubule, which influences cargos to pass. The geometry of
the intersection dictates how strongly steric hinderance affects the cargo.
The cell interior is significantly more complex than our experiments or simulations. The
cytoplasm is highly visco-elastic for intracellular cargos [84, 85]. Both kinesin and dynein
motors are often present on cargos [37, 38], along with a host of other molecules which
regulate their activity (e.g. [86]). Microtubules are adorned with many molecules thought to
regulate the workings of the motors in different ways [87, 88]. In the face of this complexity,
what does our study add to the understanding of how cargos are directed in the cell?
First, it establishes that geometry alone can influence cargo routing. Regulation of transport
is often thought about through the lens of molecular specificity — how molecules which are
present on a cargo change transport properties. This result points out physical size of the
cargo and intersection angle as important properties for cargo routing, which are independent
of the molecules present. As a result, the cell could route cargos of different sizes in different
ways even if the molecules that decorate them are identical.
Second, while the experiments and modeling were done in a simplified situation, the expla-
nation we find for why the results are the way they are is not specific to the particular case
we examine. Microtubules will pose a steric hinderance to cargos moving in the cell. How
much hinderance depends on the rigidity of the cargo, pointing to a possible role for cargo
rigidity in routing. Since we identified the stronger motor team on the primary microtubule
as an important factor in determining routing outcomes, we can infer that different motor
organizations on the surface of the cargo may modulate this effect. Therefore setting motor
organization might be a method for the cell to control cargo routing.
Third, it establishes baseline behavior. We now understand there is significant complexity
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in switching behavior with just one type of motor and two microtubules which are identical
in all but their spatial location. The cell might decorate microtubules with other molecules
or modify microtubule surfaces to help it control intersection navigation. This work is a
first step toward understanding how modifications which change the behavior of individual
molecular motors can influence navigation.
In the future, we hope to expand on this work in several ways. We are interested in assaying
the navigation outcomes of organelles purified from cells. The Gross lab has the ability to
purify lipid droplets [86], which could be assayed for switching in a similar way to the in
vitro engineered cargos in this work. We are also interested in understanding how various
microtubule associated proteins (such as Tau, on which the Vershinin and Gross labs have
worked previously [69]) may modulate switching probabilities.
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